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F luoropyrimidines (e.g., fluorouracil and capecitabine), irinotecan, and oxaliplatin are the standard cytotoxic drugs used in treating metastatic colorectal cancer. 1, 2 The combination of capecitabine and oxaliplatin is similar to the combination of fluorouracil and capecitabine in efficacy and safety. 3, 4 Bevacizumab, a humanized monoclonal antibody against vascular endothelial growth factor (VEGF), [5] [6] [7] combined with fluoropyrimidine-based chemotherapy is now the standard first-line treatment for metastatic co lorec tal cancer. Cetuximab, a chimeric IgG1 monoclonal antibody against epidermal growth factor receptor (EGFR), has efficacy as monotherapy and in combination with irinotecan in irinotecanresistant patients. 8, 9 We prospectively evaluated the addition of cetuximab to capecitabine, oxaliplatin, and bevacizumab as first-line treatment in patients with metastatic colorectal cancer (the CAIRO2 trial).
Me thods

Patients
Eligible patients were older than 18 years of age, had histologically proved colon or rectal carcinoma, metastatic disease not amenable to curative surgery, measurable tumor, no previous systemic chemotherapy for metastatic disease, World Health Organization (WHO) performance status 0 or 1, no adjuvant chemotherapy within 6 months before randomization, and adequate bone marrow, liver, and renal function. We excluded patients if they had higher than grade 1 sensory neuropathy, previous intolerance of adjuvant chemotherapy, symptomatic central nervous system metastases, bleeding diathesis, coagulation disorders, clinically significant cardiovascular disease, or other cancers within the previous 5 years, except for adequately treated squamous or basalcell carcinoma of the skin or carcinoma in situ of the cervix.
Study design
This open-label, randomized, phase 3 trial was conducted in 79 centers in the Netherlands. Eligible patients were randomly assigned at a 1:1 ratio to receive treatment with or without cetuximab. Randomization was performed centrally by a minimization technique with stratification according to serum lactate dehydrogenase level (normal or abnormal, according to the cutoff values of each individual center), previous adjuvant chemotherapy (yes or no), number of affected organs (one or more than one), and treatment center. The study was approved by the Committee on Human-Related Research Arnhem-Nijmegen and by the local institutional review boards. An independent data and safety monitoring committee evaluated all serious adverse events. All patients provided written informed consent before study entry.
Bevacizumab was donated by Roche, and cetuximab was donated by Merck Serono. The sponsors of the study were informed of the results of the study but did not contribute to any phase of the study design; the collection, analysis, and interpretation of the data; or the writing of the manuscript.
Treatment and Testing
Treatment for the capecitabine-bevacizumab (CB) group consisted of 1000 mg of capecitabine per square meter of body-surface area, given orally twice daily on days 1 to 14; 130 mg of oxaliplatin per square meter, given intravenously on day 1; and 7.5 mg of bevacizumab per kilogram of body weight, given intravenously on day 1. Treatment for the capecitabine-bevacizumab-cetuximab (CBC) group consisted of the same regimen of capecitabine, oxaliplatin, and bevacizumab plus 400 mg of cetuximab per square meter, given intravenously on day 1 of the first treatment cycle, followed by 250 mg of cetuximab per square meter given weekly thereafter. All treatment cycles were administered every 3 weeks. In both treatment groups, oxaliplatin was administered for a maximum of six cycles to prevent serious peripheral sensory neurotoxicity, and from cycle 7 the dose of capecitabine was increased to 1250 mg per square meter.
Adverse effects were graded according to the National Cancer Institute Common Toxicity Criteria, version 3.0. Dose reductions because of adverse events were performed for each agent as specified in the study protocol. A cetuximab-related adverse cutaneous effect was defined as any adverse cutaneous effect with the exception of handfoot syndrome. Central review was performed of the charts of all patients who died within 30 days after the last administration of the study drugs and whose death was accompanied by any event other than disease progression, regardless of the reported cause. The results of the central review were submitted to the independent data and safety monitoring committee for final assessment. An interim analysis of safety in the first 400 patients has been published. 10 Tumor response was assessed by the local investigators every 9 weeks with the use of computed tomographic scans, according to the Response Evaluation Criteria in Solid Tumors (RECIST). 11 The overall response rate was defined as the rate of all responses, including complete and partial responses. Disease control was defined as complete response, partial response, or stable disease as the best response. Treatment was continued until the occurrence of disease progression, death, or unacceptable adverse event, whichever came first. Patients whose treatment was discontinued for reasons other than disease progression were evaluated for a response every 3 months. The relative dose intensity was defined as the ratio of the dose administered to the planned dose. Quality of life was assessed by the European Organization for Research and Treatment of Cancer Quality of Life Questionnaire at baseline within 2 weeks before randomization and every 9 weeks thereafter until the end of the study treatment.
Formalin-fixed, paraffin-embedded tumor material was collected from patients for whom resected primary tumor tissue was available. DNA was extracted from tumor tissue for mutation analysis of the KRAS gene (see the Supplementary Appendix, available with the full text of this article at NEJM.org).
EGFR expression was determined by immunohistochemical assay on tissue microarrays with the use of the EGFR pharmDx Kit (Dako) according to the manufacturer's instructions. Powervision (Immunologic) was used as a visualization method. In accordance with the pharmDx Kit guidelines, tumors showing more than 1% membranous EGFR stained cells were considered positive.
Statistical Analysis
The primary end point was progression-free survival, which was defined as the interval from the date of randomization to the date of disease progression, death, or last follow-up, whichever occurred first. It was estimated that with 540 events (progression or death), a two-sided log-rank test at a significance level of 5% would have a power of 80% to detect a difference in median progression-free survival of 11 to 14 months (hazard ratio, 0.79). On the assumption of an accrual and followup period of 36 months, we planned to include approximately 750 patients in the study. The secondary end points were overall survival, safety, response rate, quality of life, and the influence of KRAS mutational status and expression of EGFR in tumor samples on the outcome. Ineligible patients or patients who withdrew informed consent were excluded from all analyses. Data from eligible patients were analyzed according to the intention-to-treat principle, and these patients remained in follow-up until disease progression occurred. Data from patients who were alive without recurrence at the time of analysis were censored. The progression-free and overall survival curves were estimated by the Kaplan-Meier method and compared by means of the log-rank test. We performed a multivariate analysis using a Cox proportional-hazards model with treatment group, serum lactate dehydrogenase level, number of affected organs, and previous adjuvant chemotherapy as covariables.
Patients who started treatment were evaluated for adverse events, and patients who completed at least three cycles were evaluated for response. The worst grade of adverse event was compared between the treatment groups with the use of the chi-square test. The correlation between cetuximab-related adverse cutaneous effects and survival was assessed in a landmark-type analysis. Patients who started treatment were grouped according to the worst grade of cetuximab-related adverse cutaneous effect reported during the first six cycles. The Wilcoxon rank-sum test was used to detect statistically significant differences between the treatment groups in the change in the mean quality-of-life score. Patients who completed the quality-of-life questionnaire at baseline and at least once during treatment were evaluated. All analyses were performed with the use of SAS software, version 9.1.
R esult s
Patients
Between June 2005 and December 2006, 755 patients underwent randomization: 378 to receive treatment without cetuximab (CB group) and 377 to receive treatment with cetuximab (CBC group). Nineteen patients (2.5%) were ineligible (Supplementary Appendix). The study was completed according to the protocol, and the estimated number of events occurred. The baseline characteristics of all 736 eligible patients (368 in each treatment group) were well matched between the two groups except for sex (Table 1) . The median duration of follow-up at the time of this analysis was 23 months.
Treatment
Treatment was started in 732 eligible patients, 366 in each group. The Supplementary Appendix gives the median and mean numbers of treatment cycles, the median duration of treatment, and the median relative dose intensity.
The reasons for discontinuation of treatment in the CB group (313 patients (15 and 7); cetuximab was usually administered in combination with irinotecan.
Efficacy
The primary end point was reached in 293 patients in the CB group and 316 patients in the CBC group. The addition of cetuximab significantly decreased the median progression-free survival (10.7 months in the CB group and 9.4 months in the CBC group, P=0.01) ( Table 2 and Fig. 1A ). The hazard ratio for disease progression or death in the CBC group was 1.22 (95% confidence interval, 1.04 to 1.43). In a multivariate analysis, an elevated serum lactate dehydrogenase level (P<0.001) and treatment group (P = 0.03) correlated significantly with progression-free survival. The median overall survival was 20.3 months in the CB group and 19.4 months in the CBC group (P = 0.16) ( Table 2 and Fig. 1B) . A total of 407 patients died, 193 in the CB group and 214 in the CBC group. The rate of death from any cause at 60 days was 1.9% in the CB group and 2.7% in the CBC group. The overall response rate in the 649 patients who were evaluated was 50.0% in the CB group and 52.7% in the CBC group (P = 0.49). Disease control was observed in 94.0% of the patients in the CB group and 94.6% of those in the CBC group (P = 0.72).
Subgroup Analyses
The mutation status of the KRAS gene was evaluated in 528 tumors (Table 3 ). Eight samples were excluded because of discordance in the results of the two test methods. An activating KRAS mutation was found in 206 tumors (39.6%): 108 from patients in the CB group and 98 from patients in the CBC group. The baseline characteristics were well balanced between patients with wild-type-KRAS tumors and those with mutated-KRAS tumors (data not shown). Cetuximab-treated patients with mutated-KRAS tumors had significantly shorter progression-free survival than cetuximab-treated patients with wild-type-KRAS tumors (8.1 vs. 10.5 months, P = 0.04) ( Fig. 2A) . As compared with patients with mutated-KRAS tumors in the CB group, cetuximab-treated patients with mutated-KRAS tumors had significantly shorter progression-free survival (8.1 vs. 12.5 months, P = 0.003) and overall survival (17.2 vs. 24 .9 months, P = 0.03). Among patients with wild-type-KRAS tumors, there was no significant difference in progression-free survival between the two treatment groups. Among patients treated with cetuximab, the response rate was significantly lower in those with KRAS mutations than in those with wild-type-KRAS tu- EGFR was evaluated in 496 tumors, of which 315 (63.5%) tested positive. The baseline characteristics were not significantly different between EGFR-positive and EGFR-negative patients (data not shown). Among EGFR-positive patients, the median progression-free survival was 12.2 months in the CB group and 9.8 months in the CBC group (P = 0.003). We did not observe a significant correlation between KRAS mutation status or EGFR expression and the incidence of cetuximab-related adverse cutaneous effects (data not shown).
As compared with women in the CBC group, women who were assigned to the CB group had significantly better progression-free survival (12.5 vs. 8.6 months, P<0.001) and overall survival (20.1 vs. 18.8 months, P = 0.02). However, these differences were not observed in men. The distribution of baseline characteristics was similar in women and men. In a multivariate analysis, the interaction between sex and treatment group was statistically significant for progression-free survival (P = 0.005) but not for overall survival (P = 0.10).
The severity of cetuximab-related adverse cutaneous effects correlated significantly with progression-free survival (P<0.001) (Fig. 2B) . The median progression-free survival in patients with grade 0 or 1, patients with grade 2, and patients with grade 3 cetuximab-related adverse cutaneous effects was 7.8 months, 10.2 months, and 11.4 months, respectively. The progression-free survival did not differ significantly between patients in the CB group and patients with grade 3 cetuximabrelated adverse cutaneous effects in the CBC group (P = 0.72). Table 4 and the Supplementary Appendix list the most frequently observed grade 3 or 4 adverse events. The incidence of any grade 3 or 4 adverse event was 73.2% in the CB group and 81.7% in the CBC group (P = 0.006). When grade 3 cetuximabrelated adverse cutaneous effects were excluded from this analysis, the incidence was similar: 73.2% in the CB group and 74.3% in the CBC group (P = 0.74).
Safety
Quality of Life
A total of 532 patients (276 in the CB group and 256 in the CBC group) were evaluated for quality of life. Overall quality of life and global health status were similar in the two groups at baseline; during treatment, both measures improved significantly more in the CB group than in the CBC group (P = 0.007 and P = 0.03, respectively). The mean increase in global health status was 0.4 point in the CB group and 0.0 points in the CBC group (P = 0.007). There were no significant differences between the treatment groups in the change from baseline in scores for pain, financial problems, and decrease in functioning (physical, emotional, cognitive, and social).
Discussion
In this randomized trial conducted in previously untreated patients with metastatic colorectal cancer, the addition of cetuximab to treatment with capecitabine, oxaliplatin, and bevacizumab resulted in a significant decrease in progressionfree survival and a poorer quality of life. The reduction in progression-free survival was unexpected, since preclinical as well as early clinical studies suggested a benefit from the combination of anti-VEGF and anti-EGFR antibodies. [12] [13] [14] [15] An increase in adverse events is an unlikely cause of the reduction in progression-free survival, since such events were manageable and the percentage of patients who discontinued treatment because of adverse events was similar in the two treatment groups. A similar result with anti-EGFR therapy was observed in the Panitumumab Advanced Colo rectal Cancer Evaluation (PACCE) trial, 16, 17 in which previously untreated patients with metastatic colorectal cancer were randomly assigned to fluorouracil, leucovorin, bevacizumab, and irinotecan or oxaliplatin, with or without panitumumab, a human antibody against EGFR. The PACCE trial was prematurely discontinued because of decreased progression-free survival and increased adverse events in the panitumumab group, but the decrease in progression-free survival was observed only in patients who were treated with oxaliplatin. The Bowel Oncology with Cetuximab Antibody (BOND) 2 trial showed efficacy in treatment with irinotecan, bevacizumab, and cetuximab in patients with irinotecan-resistant colorectal cancer, 18 a result that suggested a higher response rate and longer progression-free survival than was found in a previous trial (BOND) of irinotecan and cetuximab in similar patients. 9 Preliminary results of chemotherapy with or without cetuximab in the first-line treatment of metastatic colorectal cancer indicate somewhat better progression-free survival with irinotecan than with oxaliplatin, 19, 20 but these comparisons should be interpreted with caution: whether cetuximab is more efficacious when given in combination with irinotecan than with oxaliplatin remains speculative.
The results of our trial might be due to a negative interaction between cetuximab and bevacizumab. Hypertension, a common side effect of bevacizumab treatment, was recently shown to correlate with clinical outcome in patients with colorectal cancer. 21 Our observation that hypertension was less frequent in the CBC group suggests decreased efficacy of bevacizumab when administered in combination with cetuximab. In contrast, preclinical studies have suggested a positive interaction between VEGF-and EGFRinhibiting agents. 12-15 However, to our knowledge, the combination of cetuximab and bevacizumab has not been tested in this setting.
The severity of cetuximab-related adverse cutaneous effects correlated directly and significantly with progression-free survival, but the median progression-free survival among patients with the most severe cetuximab-related adverse cutaneous effects was not significantly better than that among patients treated without cetuximab.
Women treated with cetuximab had shorter progression-free survival than women treated without cetuximab, but this difference was not found in men. Women also had a lower incidence of grade 3 cetuximab-related adverse cutaneous effects, which might indicate a decreased efficacy of cetuximab in our study. Although the management of adverse cutaneous effects may be different in women than in men, with earlier discontinuation of cetuximab in women for cosmetic reasons, this would not explain the poorer results in the CBC group.
The KRAS genotype affects the response to anti-EGFR treatment: patients with wild-type-KRAS tumors have longer progression-free survival than those with mutated-KRAS tumors. [22] [23] [24] [25] [26] The results of our study also confirm the role of the mutation status of the KRAS gene in the response to cetuximab when cetuximab is administered in combination with chemotherapy and bevacizumab as first-line treatment. We observed the worst result for progression-free survival in patients with mutated-KRAS tumors who were treated with cetuximab. A similar result was found in trials of chemotherapy with or without cetuximab as first-line treatment of metastatic colorectal cancer. 25, 26 Many targeted agents are available or under development for use in a wide range of tumors. The inhibition of a single signal-transduction pathway is unlikely to provide optimal results, and therefore a combination of agents appears to be a valid strategy. Our results, however, argue against the combined use of anti-VEGF and anti-EGFR monoclonal antibodies with chemotherapy in cases of metastatic colorectal cancer.
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